We perform an extensive study of Sr 3 Cr 2 O 7 , the n ¼ 2 member of the Ruddlesden-Popper Sr nþ1 Cr n O 3nþ1 system. An antiferromagnetic ordering is clearly visible in the magnetization and the specific heat, which yields a huge transition entropy, R lnð6Þ. By neutron diffraction as a function of temperature we have determined the antiferromagnetic structure that coincides with the one obtained from density functional theory calculations. It is accompanied by anomalous asymmetric distortions of the CrO 6 octahedra. Strong coupling and Lanczos calculations on a derived Kugel-Khomskii Hamiltonian yield a simultaneous orbital and moment ordering. Our results favor an exotic ordered phase of orbital singlets not originated by frustration. DOI: 10.1103/PhysRevLett.118.207207 The interplay between spin and orbital degrees of freedom has been known for a long time [1, 2] . Because of the large local Coulomb interactions, a low energy Hilbert space splits off, with superexchange couplings between both spin and orbital local degrees of freedom. The lattice may be distorted as a consequence of orbital ordering, although in many cases the situation is more complex [3] . The prototypical case is that of the perovskite KCuF 3 , where an antiferromagnetic spin order coexists with an antiferro-orbital order [1, 4, 5] . Potentially, the Cr based Ruddlesden-Popper (RP) series Sr nþ1 Cr n O 3nþ1 are ideal candidates for investigating such phenomena. Unfortunately, they usually present so many synthesizing difficulties that research has been centered on the perovskite SrCrO 3 , the n ¼ ∞ member of the family. As for many other transition metal oxides standard band structure calculations on SrCrO 3 yield a metal [6], while published measurements on bulk polycrystalline SrCrO 3 samples demonstrate a nonmetallic behavior [7, 8] . Neutrondiffraction and synchrotron powder x-ray diffraction studies [9] showed that at TN ¼ 40 K a transition from a nonmagnetic cubic to an antiferromagnetic (AFM) tetragonal structure occurred. In the low temperature phase an orbital reoccupation ðd xy d xz d yz Þ 2 d 1 xy ðd xz d yz Þ 1 was found and explained by LDA þ U calculations [6] showing that the distorted phase is coupled to a partial orbital ordering.
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Because of their isolated biplane structure, the n ¼ 2 RP elements often show more complex physics, e.g. nematic orbital ordering in Sr 3 Ru 2 O 7 [10] or antiferro-orbital (AFO) ordering accompanied by the formation of singlet spin dimers [11] in K 3 Cu 2 F 7 . We thus studied Sr 3 Cr 2 O 7 both on experimental and theoretical grounds in order to characterize its transitions. We have performed transport, magnetic, and specific heat measurements together with x rays and neutrons diffraction as a function of temperature. Our measurements determine simultaneous orbital and spin orderings at 210 K, accompanied by anomalous asymmetric octahedra elongations. In order to understand the orbital ordering, we analyze the electronic properties through ab initio calculations, which are complemented by the determination of superexchange interactions in strong coupling and Lanczos diagonalization of the resulting Kugel-Khomskii-type Hamiltonian. Our work shows that chromates are an interesting playground for orbital and spin degrees of freedom that will motivate more research of their promising properties.
Our polycrystalline samples were synthesized using a high-pressure-high-temperature method [7, 12] . The Rietveld refinement performed on our x-ray patterns shows that our sample contains 94% of Sr 3 Cr 2 O 7 , 4% of SrCrO 3 , and 2% of Cr 2 O 3 (see the Supplemental Material [13] ). Atomic positions and lattice parameters at ambient temperature (a ≃ 3.82 Å and c ≃ 20.14 Å) are in agreement with those obtained by Castillo et al. [7] (Table I of Supplemental Material [13] ). Electrical resistivity and magnetization measurements (see the Supplemental Material [13] ) detect the AFM transition [7] with T N ¼ 210 K.
Thermal properties are key factors in determining the degrees of freedom frozen at each transition. We thus performed the specific heat measurements on Sr 3 Cr 2 O 7 that are shown in Fig. 1 . We observe a huge anomaly at T N , implying a large transition entropy. To evaluate it, we take as the phonon contribution the specific heat of the similar but nonmagnetic compound Sr 3 Ti 2 O 7 , which we synthesized and measured. From the excess specific heat we calculate the transition entropy per Cr mole. In Sr 3 Cr 2 O 7 , the formal oxidation state of the Cr ions is 4þ with two electrons accommodated in the t 2g manifold. Hund's rules favor parallel spins within each manifold, and lead to spin S ¼ 1. If the transition is accompanied by magnetic ordering only, Cr ions are expected to contribute R lnð3Þ to the entropy change. We observe a value near R lnð5Þ, that, considering the difficult synthesizing conditions of this sample and the impurity phases, would imply actually a R lnð6Þ value. Our entropy value is anomalously high, since in many magnetic or orbital transitions only around 20% of the expected entropy change is detected (e.g. KCuF 3 [27] ). Thus, this result calls undoubtedly for a full magnetic and orbital ordering at T N .
The next step to characterize the magnetic and orbital transitions is to determine the AFM order and the precise oxygen positions above and below the complex phase transition at 210 K. We thus performed neutron powder diffraction at five different temperatures: 2 K, 50 K, 150 K, 300 K at D1B/ILL to detect the magnetic peaks and at D2B/ILL to refine the crystallographic structure.
We present the D1B/ILL measurements on the lower panel of Fig. 2 . We can note on the neutron diffraction profile five magnetic contributions all appearing between 300 and 150 K. These temperature values are in agreement with T N ¼ 210 K. Rietveld fitting of our data at 2 K (see the Supplemental Material [13] at different temperatures, showing the appearing of the numbered magnetic peaks at 300 K. The calculated magnetic structure at 2 K is shown in the Supplemental Material [13] and coincides with the second one in Fig. 3 . ordered within the planes and FM between the planes (Fig. 3, second structure) .
The variation of cell parameters as a function of temperature, extracted both from x-ray diffraction (XRD) and neutrons is shown on the upper panel of Fig. 2 . We observe that, as a function of temperature, there is a contraction of the c parameter and a dilatation of the a parameter at T N . The low temperature structure shows an unexpected deformation. While the octahedra are almost regular above T N , at low temperatures there is a separation of the CrO 2 planes of the bilayer with a contraction of the distance between the outer apical oxygen (O2) and the chromium, schematically shown in the middle panel of Fig. 2 .
We (Fig. 3, upper  panel) . Doing the projection on Wannier functions (see Methods in the Supplemental Material [13] ) we obtained that the d xy level is around 50 meV lower in energy than the d xz =d yz states. Strong peaks in the density of states around E F makes the material close to a magnetic instability. To check for the relative stability of the different magnetic solutions, we have carried out a series of calculations considering a ferromagnetic and three different antiferromagnetic configurations within each bilayer, represented in Fig. 3 , lower panel. The most stable configuration is antiferromagnetic within each layer but ferromagnetically coupled between layers, in agreement with the results obtained by neutron experiments mentioned before. That system is still metallic but with much smaller bandwidth. All the magnetic configurations result in local magnetic moments of ≃1.5 Bohr magneton in accordance with the expected S ¼ 1 configuration. Conduction bands are quite flat, suggesting that any impurity or imperfection can easily influence conduction measurements. As the bandwidth is quite small and the correlations can be very important for this kind of oxides, we made a DFT þ U series of calculations with different effective Hubbard U parameters. The calculations did not change the relative stability of the magnetic phases, but made the bands still flatter, particularly for the conduction states. As in Ref. [6] , we obtained an insulating solution with a critical U of around 3 eV.
As in SrCrO 3 [6] we obtain the ground-state configuration d The eigenstates of the 3D shell for a few electrons including all interactions have been calculated, for example, in Ref. [28] . To go beyond isolated Cr atoms, we have calculated the effect of Cr-O hopping in fourth order perturbation theory. We have derived an effective model of the Kugel-Khomskii type for two neighboring CrO planes with effective spin and orbital interactions, neglecting interactions between Cr atoms in different bilayers (see details in the Supplementary Material [13] ). In this compound, the local spin is S i ¼ 1, while the pseudospin is T i ¼ 1=2 since the orbital degeneracy is twofold.
The effective Hamiltonian can be written as
where H k , k ¼ 1, 2, contains the interactions within the plane k, and H dropping an irrelevant constant, we obtain for the interplane interaction:
where S kj (T kj ) is the spin (pseudospin) at a site of the plane k with position j (see the Supplemental Material [13] for details and expressions of the interactions I T , I ST , and I S in terms of the microscopic parameters of the compound). Similarly it is possible to get the effective in-plane superexchange Hamiltonian H k , whose expression is more complicated and given in the Supplemental Material [13] . We have approached the problem numerically by diagonalizing the microscopic Hamiltonian Eq. (1) using a Lanczos algorithm on a 2 × 2 bilayer in the complete parameter space (see the Supplemental Material [13] ). By doing a systematic analysis of the spin-spin hS i · S j i and orbital-orbital hT i · T j i real space correlation functions, we have found a very rich phase diagram with more than seven phases (see the Supplemental Material [13] for details). Among these phases, only three have a spin structure compatible with the magnetic order observed experimentally, namely antiferromagnetic in the planes and ferromagnetic out of the planes. These three phases are displayed in Figs. 4(c) -(e). Among these phases, we have found an original orbital dimer phase in which all orbitals of the vertical bounds are paired as singlets.
As shown in Fig. 2 , the CrO 2 planes separate as the temperature is lowered. In order to understand the reason of this unexpected distortion, we have looked at the effect of the crystalline field that enters in our model via the parameter δ (the splitting between the degenerate xz and yz orbitals and the xy one; see the Supplemental Material [13] ) on the energy stability by scanning around a realistic value set at δ ¼ 0.5, as shown in Fig. 4 . If the energy lowers as δ decreases, then the system will tend to separate the two layers, as the crystalline field is expected to decrease with the distance between the planes. This is precisely what is happening for two of our compatible solutions, (c) and (d). For the most exotic dimer phase (c), it is quite counterintuitive that a singlet bound state would not drive to contraction instead. In fact, looking closely to the energy around δ ¼ 0.5, we see that the system is very close to a saddle point at δ c ¼ 0.55 at which the system will enter a normal contracting deformation as observed, e.g., in spin systems if δ < δ c , or the present dilatation if δ > δ c . Thus, both the orbital singlet, Fig. 4(c) , and the totally antiferroorbital order, Fig. 4(d) , may explain the observed plane separation at low T.
Experimentally, the latter should give an in-plane distortion, as in K 2 CuF 4 for example [29] . We have tried to observe it with high resolution XRD and EXAFS experiments at ESRF. However, within our precision, there is no such distortion, favoring the orbital singlet phase (see the Supplemental Material [13] ). Sr 3 Cr 2 O 7 would thus be similar to K 3 Cu 2 F 7 , with an exchange of roles between the orbital and spin degrees of freedom. In K 3 Cu 2 F 7 the existence of magnetic spin singlets has been attributed to spin-orbital entanglement [30] . Here we can propose that similar entanglement for Sr 3 Cr 2 O 7 leads to the formation of interlayer orbital singlets.
In conclusion, our extensive experimental and theoretical studies yield features that make the magnetic and orbital ordering of Sr 3 Cr 2 O 7 anomalous. So far, orbital singlets have been only observed in frustrated systems where a orbital liquid can be realized [31] . Besides, in the present case, the orbital singlet formation is accompanied by a separation of the ions whose orbitals pair, indicating that pairing in this compound is analogous to a spin-Peierls dimerization, but in the orbital sector. The compound YVO 3 [32] was also proposed to exhibit an orbital Peierls ground state or similarly an "orbital valence bond" state [33] , but this was contradicted by further studies [34] [35] [36] that proposed a usual orbital order for this system. For Sr 3 Cr 2 O 7 , further experimental studies have to be performed to confirm our proposal. In particular, the coupling to the lattice should be different for conventional orbitalorder. 
